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ABSTRACT 
 
One of major differences between genomes of mammals and other 
vertebrates is the presence or absence of homopolymeric amino acid 
repeats, sequences without interruptions in the run of a single amino 
acid residue. Some types of homopolymeric amino acid repeats 
modulate protein–protein interactions and/or transcriptional 
regulation. I investigated the functional meanings of homopolymeric 
amino acid repeats present in mammalian Brn-1/Pou3f3 transcription 
factor that is prominently expressed in brain. Mammalian 
BRN-1/POU3F3 has eight homopolymeric amino acid repeats, each of 
which consists of alanine, glycine, histidine, and proline amino acid 
residues. In contrast, only two of these repeats are present in 
Brn-1/Pou3f3 orthologues of amphibians and fishes. This remarkable 
feature is well conserved in both positions and numbers of the repeats 
among mammals, showing these repeats were acquired specifically in 
the mammalian lineage. 
To analyze what kinds of phenotypic diversification were produced 
by acquisition of these repeats during mammalian evolution, I newly 
generated non-mammalized mice (xPou3f3 knock-in mice) in which 
the entire coding region of the murine Pou3f3 gene was replaced with 
that of the amphibian (Xenopus tropicalis) orthologue. Both mouse 
and Xenopus Brn-1/Pou3f3 genes are intron-less, and their amino acid 
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sequences of the DNA-binding domain called POU domain are 
completely identical. Both homozygous and heterozygous xPou3f3 
knock-in mice grew to adulthood and appeared normal. There were no 
changes in appearance, body weight, growth, or fertility. Both the 
expression pattern and the expression level of the xPou3f3 (tro) allele 
were similar to those of the wild-type allele. Brain weight per body 
weight did not differ between wild-type and tro/tro mice. Further, no 
histologically abnormal changes were detected within the brain. In 
xPou3f3 knock-in mice, there was no deterioration of maternal 
behavior observed in xPou3f2 knock-in mice, in which transcription 
factor Brn-2/Pou3f2, a paralogue of Brn-1/Pou3f3, was replaced with 
the Xenopus tropicalis orthologue. However, pre-pulse inhibition of 
the xPou3f3 knock-in mice was significantly stronger than that of 
wild-type mice, showing schizophrenia-like abnormalities. In addition, 
the xPou3f3 knock-in mice showed significantly longer immobility 
time in both tail suspension test and forced swimming test than 
wild-type mice. This means that the xPou3f3 knock-in mice tend to be 
depressive. Then, I exposed the mice to various kinds of chronic stress 
including immobilization stress, and performed measurement of 
various molecular indexes about the stress and comprehensive 
transcriptome analysis. The chronic stress raises expression of 
precursor polypeptide of an adrenocorticotropic hormone released by 
pituitary gland. In the xPou3f3 knock-in mice, the degree of the rise 
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was significantly lower than wild-type mice. In contrast, the chronic 
stress causes decrease of gene expression in various types of 
glutamate and GABA receptors. However, only few receptors showed 
decrease of gene expression in the xPou3f3 knock-in mice. The 
immobilization stress is known to cause induction of various 
anti-oxidant enzymes. Among 111 anti-oxidant genes, 22 genes were 
up-regulated by the chronic stress in the wild-type mice, whereas only 
4 genes were in the xPou3f3 knock-in mice. 8-OHdG concentration of 
urine, an oxidative stress marker, increased by stress in the xPou3f3 
knock-in mice. This suggests that quick response against oxidative 
stress was not occurred. In addition, blood alkaline phosphatase and 
bone density decreased by chronic stress in the wild-type mice, but 
there were no changes in the xPou3f3 mice. I clarified that the 
following influences were induced by replacing transcription factor 
Brn-1/Pou3f3 of the mouse with the amphibian type (orthologue): (1) 
schizophrenia-like response and the depressed tendency, and (2) low 
response against stress. 
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2. MATERIALS AND METHODS 
 
 
 
 
 
2-4. Mice 
 
 All living modified organisms (LMO) and experimental animals were 
approved by The University of Tokyo, and conducted in accordance with the 
guidelines on animal experimentation and laboratory animals. 
All mice were bred in constant temperature (22-24°C) and constant humidity 
(30-70%) under the 12-12 hours light-dark cycle (light on at 08:00 hour and off at 
20:00 hour). Food and water were provided ad libitum. Weaned mice, which 
reached 4 weeks of age, were transferred with 2-4 littermates in small cage 
(210W × 165D × 120H mm) or with 5-6 littermates in medium cages (280W × 
200D × 130H mm) (CLEA Japan, Inc.). Tested mice were used at 10-13 weeks of 
age, the so-called young-adult period. All mice had C57BL/6J strain background 
and experienced more than 7 times backcross with C57BL/6J female or male 
(CLEA Japan, Inc.). 
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2-5. Tissue preparation for immunohistochemistry 
 
Mice at 10 weeks of age were anesthetized deeply with 100 mg/kg pentobarbital, 
and perfused through the heart with 15-20 ml of ice-cold phosphate-buffered 
saline (PBS, pH 7.4), and immediately followed by 50 ml of fixative containing 4% 
paraformaldehyde and 0.2% glutaraldehyde in PBS. The animals were kept on 
crushed ice throughout the procedure. After perfusion, whole brain was removed 
from the skull and postfixed with the same fixative solution at 4°C for 2 hours, 
then placed in 10% buffered sucrose at 4°C for overnight. Each brain block was 
embedded in Tissue-Tek® O.C.T.™ Compound (Sakura Finetek Europe B.V., 
Netherlands) and frozen in liquid nitrogen. Frozen tissue blocks were sectioned 
serially at 20 µm in thickness in Microm HM 505 E Cryostat (Thermo Fisher 
Scientific Inc., USA) and sliced sections were mounted on 0.5% gelatin-coated 
slide glasses. 
 
In the immunohistochemistry for TH and TPH2, a polyclonal antibody to 
TH (AB152, EMD Millipore Co., USA) and TPH2 (ABN60, EMD Millipore Co.) 
were used as primary antibody. Fluorescein isothiocyanate-labeled goat 
anti-rabbit IgG (65-6111, Invitrogen) was used as secondary antibody. The TH 
and TPH2 on brain section were recognized by the same operating procedure in 
the staining of POU3F3. The quantitative analysis of TH or TPH2 examined 
using a microphotometry system, MapAnalyzer (Yamato Scientific Co., Ltd, 
Japan) [23, 24]. Approximately 130,000 -200,000 data points were obtained in 
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whole brain section and measured at 20 µm intervals. The operating conditions 
were as follows: excitation range, 465 -495 nm; photomultiplier voltage, 800 V; 
objective, 20×/0.50 (magnification/numerical aperture); field diaphragm, 10 µm 
diameter; and photometry diaphragm, 40 µm diameter. The standard value of 
fluorescence intensity was calibrated using 1 mM quinine sulfate in 0.05 M 
sulfuric acid (100 mm in depth), which is proportional to a fluorescence intensity 
of 100 [23]. As quantitative analysis, 10 regions for TH (located in approximately 
0.74 mm rostral from bregma) and 10 regions for TPH2 (located in approximately 
4.60 mm caudal from bregma) were chosen. The individual numbers were seven 
to ten mice per genotype and averaged their fluorescent intensities on both sides 
of two to four slices. Fluorescence intensity of TH was calculated as a ratio to the 
mean intensity of four control regions (primary motor cortex (P1), primary 
sensory cortex (S1), dysgranular insular cortex (DI), and piriform cortex (Pir)) 
and that of TPH2 was calculated as a ratio to the mean intensity of five control 
regions (external cortex of the inferior colliculus (ECIC), mesencephalic reticular 
formation (mRt), lateral lemniscus (LL), decussation of the superior cerebellar 
peduncle (xscp), and reticulotegmental nucleus of the pons (RtTg)).  
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3. RESULTS 
 
 
 
 
 
3-4. The comparative analysis between non-mammalized 
Pou3f2 and Pou3f3 knock-in mice 
 
   3-4-1. Weaning ratio and reproductive performance 
 
Ahead of this research, our projects generated 2 distinct types of 
non-mammalized Pou3f2 knock-in mice. Although Mus musculus POU3F2 
had three quite extended homopolymeric amino acid repeats (also shown in 
section 3-1 and Fig. 1E), definitely loss of these insertions in other vertebrates 
were revealed. To examine the role of homopolymeric amino acid repeats in 
Pou3f2, generation of Pou3f2 ΔGQP knock-in mice with complete deletion of 
the three homopolymeric amino acid repeats and xPou3f2 knock-in mice in 
which the entire coding region of the Pou3f2 was replaced with that of X. 
tropicalis Pou3f2 orthologue, were conducted. It was suggested that female 
maternal behaviors in previous reports [39], I analyzed the differences in 
sexual behaviors and pups weaning ratio between non-mammalized Pou3f2 
and Pou3f3 knock-in mice. 
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Basic reproductive alterations were checked. But their fertility and litter 
sizes didn’t differ from the wild type. The genotypic ratio of the pups obeyed 
Mendel’s law in both Pou3f2 ΔGQP knock-in mice (Fig. 5A). 
To investigate the differences in weaning ratio and pups surviving by 
the replacement with non-mammalized form, the numbers of weaned pups 
were counted through the various combinations of parent genotypes. In 
Pou3f2 ΔGQP knock-in mice, the genotypes of dams affected pups weaning 
ratio and this nurturing performance of Δ/Δ dams was reduced two-thirds 
that of +/+ (Fig. 5E). Because this tendency was independent of sires and 
pups genotypes, it indicated that the genotypes of dams were crucial factor. 
Whereas, weaning ratio was not differed in both combinations of mating in 
xPou3f3 knock-in mice (+/+ vs. +/+ and tro/tro vs. tro/tro) (Fig. 5F). 
 
3-4-2. Quantification of brain monoamine expression 
 
To make sure of the cause of reduced weaning ratio, brain monoamines 
were measured because various studies pointed to the relationship between 
maternal behaviors and dopamine (DA) [40-42] / serotonin (5-HT) [43-46]. 
Since Pou3f2 ΔGQP and xPou3f3 knock-in mice showed reduction of the pups 
viability in common, the quantitative analysis was performed using 
fluorescence microphotometry system, MapAnalyzer (Yamato Scientific Co., 
Ltd) [22]. Both TH and TPH2, rate-limiting enzymes of DA and 5-HT 
synthesis respectively, were quantified at the levels of the nucleus. 
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The immunohistochemical distributions of TH and TP are shown in Fig. 
6A-D and Fig. 6E-H, respectively. The extremely high expression of TH was 
observed in neostriatum (STlat and STmed), nucleus accumbens (AcbS and 
AcbC) and olfactory tubercle (Tu). The extremely high expression of TPH2 
was observed in dorsal and median raphe nucleus (DRD, DRV, DRL, MnR 
and PMnR). As a result, both of brain monoamines were significantly 
decreased in most regions (Fig. 6C and 6G).  
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Fig. 5. Sexual and maternal behaviors in ΔGQP Pou3f2 and 
xPou3f3 knock-in mice 
 
A. Genotype ratio of pups from +/Δ parents. Sampling numbers of pups were 
311 pups. Each color represents pups genotypes; +/+ (orange), +/Δ (checker 
red), and Δ/Δ (red). 
 
 
 
E. Pups viability in ΔGQP Pou3f2 knock-in mice. 4 types of dams vs. sires 
combinations; +/+ vs. +/+, +/+ vs. Δ/Δ, Δ/Δ vs. +/+ and Δ/Δ vs. Δ/Δ. The orange, 
checker red, and red bar represent +/+, +/Δ, and Δ/Δ genotypes in pups, 
respectively. **P<0.01 (Student’s t-test) 
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Fig. 6. Monoamine levels in non-mammalized Pou3f2 and 
xPou3f3 knock-in mice 
 
(A -D) Quantitative immunohistochemistry for tyrosine hydroxylase (TH)  
A. Sectional information of TH quantification. The coronal section located in 
0.74 mm rostral from bregma was used. The measurement regions and 
abbreviations (Franklin and Paxinos 2008): STlat, lateral part of the 
neostriatum; STmed, medial part of the neostriatum; AcbS, shell of the 
nucleus accumbens; AcbC, core of the nucleus accumbens; Tu, olfactory 
tubercle; M1, primary motor cortex; S1, primary sensory cortex; DI, 
dysgranular insular cortex; Pir, piriform cortex; sepN, septal area. 
B. Overview image of quantitative distribution containing the striatum. Each 
color shows the values of fluorescent intensities (color bar, below). 
C. Quantitative analysis of the expression of TH in five positive and five control 
regions. Values shown on graph represent the mean  SEM. *P<0.05; 
**P<0.01. 
D. The ventral striatum region was enlarged. TH expression in Δ/Δ was 
significantly reduced in comparison with +/+ mice. 
 
(E -H) Quantitative immunohistochemistry for tryptophan hydroxylase 2 (TPH2) 
E. Sectional information of TPH2 quantification. The coronal section located in 
4.60 mm caudal from bregma was used. The measurement regions and 
abbreviations (Franklin and Paxinos 2008): DRD, dorsal part of the dorsal 
raphe nucleus; DRV, ventral part of the dorsal raphe nucleus; DRL, lateral 
part of the dorsal raphe nucleus; MnR, median raphe nucleus; PMnR, 
paramedian raphe nucleus; ECIC, external cortex of the inferior colliculus; 
mRt, mesencephalic reticular formation; LL, lateral lemniscus; xscp, 
decussation of the superior cerebellar peduncle; RtTg, reticulotegmental 
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nucleus of the pons. 
F. Overview image of quantitative distribution containing the raphe nucleus. 
Each color shows the values of fluorescent intensities (color bar, below).  
G. Quantitative analysis of the expression of TPH2 in five positive and five 
control regions. Values shown on graph represent the mean ± SEM. *P<0.05; 
**P<0.01.  
H. Region of the dorsal raphe nucleus was enlarged. TPH2 expression in Δ/Δ 
was significantly reduced in comparison with +/+ mice. 
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